Hematopoietic stem cell transplantation remains the only curative therapy for certain genetic diseases of the hematopoietic system, including some inheritable deficiencies in red blood cells (RBC). Recent advances in induced pluripotent stem cells may open a new era for the cure of such severe genetic RBC diseases.
Red blood cells (RBCs) are unique, highly specialized, and the most abundant cells in humans and other organisms. The primary function of RBCs is transportation of the respiratory gases O 2 and CO 2 . Meanwhile, RBCs are also the main antioxidant reservoir for the whole body. Dysfunction of RBCs very often leads to anemia and can be caused by various factors, including different pathologic conditions and inherited genetic mutations [1] . Many anemic patients require life-long blood transfusions and iron-chelating therapies, which have severe side effects and add a significant burden to the health care system. Currently, the only curative therapy for certain genetic RBC diseases is hematopoietic stem cell (HSC) transplantation from Human Leukocyte Antigen (HLA)-matched donors or gene-corrected autologous HSCs. Although HSC transplantation remains the most attractive and promising treatment for hematologic diseases, there are still obstacles, including difficulties in finding matched donors, in vitro expansion of HSC, low efficiency of gene delivery/correction, and safety concerns due to random viral vector integration into the host genome. Induced pluripotent stem cells (iPSCs) provide a new promising strategy for cell therapy of RBC diseases [2] (Figure 1 ). They show unlimited proliferative ability in culture allowing production of sufficient transplantable cells, can be used in an autologous setting and are amenable to gene editing for correction of disease mutations. iPSCs, together with novel technologies like lineage conversion, may constitute, in the near future, a valid alternative to HSCs for the treatment of anemic patients.
Thalassemia is a group of hemoglobinopathies caused by mutations in the globin genes, which usually lead to functional loss or reduction of globin protein expression. β-thalassemia, a type of progressive anemia caused by the deficiency of β-globin chain (HBB) expression during fetal to adult transition [3] , is common worldwide. β-thalassemia patients have genetic mutations (point substitutions or small deletions) in the HBB gene. Ye and colleagues [3] reported the first case of producing human iPSCs from a β-thalassemia patient who was homozygous for a four-base pair (bp) loss-of-function deletion (CTTT) in codon 41/42. Patient-derived fibroblasts were reprogrammed to iPSCs using the four Yamanaka factors (OCT4, SOX2, KLF4, c-MYC) and then differentiated into hematopoietic-like colonies, in which hemoglobinized erythroid cells were observed as characterized by Giemsa staining and hemoglobin staining. Retroviruses were used to deliver the reprogramming transcriptional factors, which may raise safety concerns due to random viral integration into the host genome. In a separate study, the Gao lab reprogrammed fibroblasts from a β-thalassemia patient with homozygous 41/42-4 bp CTTT deletion in the HBB gene using three transcriptional factors (OCT4, SOX2, KLF4) [4, 5] . Of note, they also corrected the genetic mutation in patient iPSCs by a specific gene editing technique based on homologous re-npg combination. The corrected iPSC lines exhibited similar differentiation ability towards CD34
+ hematopoietic progenitor cells (HPCs) to their wild-type counterparts, based on an OP9 stromal cells co-culture system. The CD34 + cells differentiated from patient-derived iPSCs or corrected iPSCs were enriched, and their differentiation ability was analyzed by colony forming assay in vitro. The colonies formed by CD34 + cells differentiated from patient-derived iPSCs or corrected iPSCs exhibited similar morphology and multilineage potential. In vivo differentiation was performed by intra-tibial transplantation of CD34 + HPCs into irradiated SCID mice. The transplanted cells were indeed functional and capable of undergoing erythroid differentiation in vivo. Human fetal globin (γ-globin) expression could be detected in all transplanted mice, while the adult globin (β-globin) expression was only detected in mice transplanted with the derivatives from hESCs and the corrected iPSCs, but not from the uncorrected ones. Whole blood analyses from transplanted animals revealed elevated human hemoglobin levels in corrected iPSC-derived CD34 + HPC recipients relative to mice receiving non-corrected CD34 + HPCs one week after transplantation. The difference between different groups diminished 4 weeks post transplantation [5] . These results indicate that transplanted CD34 + cells bear limited erythropoietic potential in transplanted SCID mice.
Sickle cell disease is a severe genetic disease caused by a point mutation (GAG to GTG) at codon 6 of the human HBB gene, resulting in a defective form of adult hemoglobin. RBCs from sickle cell disease patients can clog blood vessels, causing pain, fatigue, infection, organ damage, and even premature death. The Cheng lab built a iPSC line from bone marrow stromal cells of a patient using a single piggybac transposon vector expressing 4-5 transcription factors [6, 7] . In this case, zinc finger nuclease technology was employed to make a specific double-strand break to stimulate homologous recombination near the mutation site of β s alleles [6, 7] . One iPSC line with single corrected allele was obtained and able to be differentiated into nucleated erythroblasts rather than erythrocytes in vitro, probably due to limitations of current differentiation protocol. Fetal globin (HBG) was the most highly expressed hemoglobin in these erythroblasts, whereas adult HBB transcripts were detectable by PCR at a relatively low level [8] . Our group also has efficiently generated gene-corrected sickle cell disease patient cells from integration-free iPSCs by combining episomal vectors-based reprogramming and helper-dependent adenoviral vector (HDAdV)-mediated gene correction [9] . Moreover, we have previously demonstrated that HDAdVmediated gene editing did not result in genetic and epigenetic abnormalities [10] . Our results indicate that one HBB gene-correction HdAdV has the ability to correct any mutation located in HBB, therefore it may be suitable for other forms of β-globinopathies.
Fanconi anemia (FA) is a complex genetic blood disorder and a rare aplastic anemia due to the failure of bone marrow that stops making or does not make enough bone marrowderived blood cells including RBCs. FA is caused by mutations in any of 14 genes in the FA pathway. FA cells are very sensitive to DNA damage due to dysfunctions in repairing doublestranded DNA breaks. Interestingly, attempts to reprogram FA fibroblasts or keratinocytes were unsuccessful unless genetic defects were complemented via lentiviral gene delivery. One exception occurred in a patient with a hypomorphic defect in FANCD2 where patient-derived fibroblasts were able to be reprogrammed without gene correction, though the reprogrammed cells could not be maintained for more than three passages. The resistance of FA fibroblasts to reprogramming indicates that an intact FA pathway is required for somatic cell reprogramming [11, 12] . In contrast, gene-corrected iPSCs restored the function of FA pathway, and were thus refractory to reprogramming-associated DNA damage. In vitro differentiation towards hematopoietic lineages resulted in similar morphologies and proportions of erythroid and myeloid colonies in both gene-corrected iPSCs and normal iPSCs [11] . Recently, the Daley lab has extended these results. They have demonstrated increased FANCD2 foci on chromosomes upon reprogramming, indicating that the FA pathway is activated in this process. Of note, increased reactive oxygen species (ROS) is a critical contributor to the resistance in reprogramming FA fibroblasts, as FA fibroblasts could be reprogrammed in the presence of antioxidant N-actylecysteine or under hypoxic conditions (5% O 2 ), but at a much lower efficiency than normal or corrected fibroblasts. HPCs derived from the FA-iPSCs were capable of differentiation into several blood cell lineages in vitro based on colony forming assay [13] .
Besides in situ gene correction for pathogenic mutations, expression of wild-type genes remains a good option for rescuing disease phenotypes. To ensure cell therapy with minimal undesired mutagenesis caused by random viral integrations, Papapetrou et al. [14] have proposed 5 criteria to reduce oncogenic potential of genome-integrated exogenous transgenes. The authors applied these rules to identify safely corrected iPSCs from β-thalassemia patient-derived iPSCs [14] . Patient iPSCs were transduced with viral vectors expressing β-globin at a low multiplicity of infection (MOI), and then iPSC lines harboring a single copy of β-globin from a single viral integration were isolated. 15 iPSC lines with single viral integrations were randomly picked up, only one of which met all five criteria. When differentiated to erythrocytes, the expression of vector-encoded β-globin reached about 85% of normal β-globin levels. The five criteria in guiding selection of relatively safe patient-specific iPSCs provide an alternative strategy for loss-of-function genetic diseases and will also be applicable to other anemic diseases mentioned above.
In summary, generation of RBCs from patient-specific iPSCs is not only exciting but also holds great potential for treating genetic blood diseases. The erythroid progeny of iPSC lines preferentially express embryonic and fetal globins like α-, ε-and γ-globin, but not the adult β-globin [15] [16] [17] . Thus, the switch from primitive to definitive erythropoiesis remains an obstacle for iPSC-based cell therapy for β-globin disorders such as β-thalassemia and sickle cell disease. Recently, the development of trans-differentiation methodologies provides alternative options to iPSC-based approaches. In this regard, the Bhatia group reported direct conversion of human dermal fibroblasts to hematopoietic lineages without forcing cells to an iPSC state [18] , which will reduce tumorigenic risk relative to iPSC-based therapy. CD45 + cells directly derived from human dermal fibroblasts expressing OCT4 (CD45 + Fibs OCT4 ) were able to be differentiated into erythroid lineage upon erythropoietin (EPO) stimulation, leading to both primitive and mature erythrocyte morphologies. In agreement, EPO-treated CD45 + Fibs OCT4 cells exhibited increased expression of adult β-globin protein, modest level of fetal globins, and complete loss of embryonic globins. It will be of great importance to improve trans-differentiation protocols in order to obtain pure and functional blood cells suitable for future clinical transplantation. In addition, developing efficient gene editing tools amenable for manipulating somatic cells represents another challenge for cell-based therapies of genetic diseases.
